The use of shrouded supersonic jets for enhancing the performance of top blown metallurgical reactors has been studied using BOF pilot scale facilities set up in the MMPC's water modelling laboratory. The experimental results for three different designs of shrouded supersonic jet nozzles have demonstrated that greater depths of penetration and reduced mixing times can be achieved with co-axial sub and supersonic jets flow. Dimensional analysis indicates that the depth of penetration of a gas jet into a liquid bath depends on the height, H, of the lance tip from the quiescent bath, the liquid's Froude, Reynolds and Weber numbers, reflecting the ratios of gravity, viscous and surface tension forces to the jet's inertial, or momentum, forces. Good agreement between the mathematical model and experiments were obtained in terms of predicted and observed depths of penetration. Further efforts have been made to study jet penetration into liquid metals. The effects of density of liquid metal and a wide range of gas flow rates on the penetration depth were investigated theoretically. The results confirm that jet penetration depth can be increased with increasing shroud gas flow rate and decreased bath density.
Introduction
Nozzles for producing supersonic jets with a maximum conversion of available pressure energy into kinetic energy at supersonic velocities has been the subject of considerable research in the fields of aeronautical and mechanical engineering. 1) In general, such nozzles consist of a converging entrance, leading into a vena contracta, or throat, of minimum cross-section, followed by a diverging section. The velocity of gas at the throat is equal to the speed of sound in the gas at that location. From the throat, the gas expands through the diverging section, accelerating to supersonic velocities.
2) After the jet exits from the nozzle, it spreads as a submerged jet, as a result of entrainment of ambient gas. In the central core of the jet, the supersonic velocity persists for a distance that depends on the exit velocity. The entrainment process results in an increase in the jets diameter and a decrease in the jets velocity as the distance from the nozzle increases. Consequently, the impact force within the original jet diameter is reduced with increasing distance from the nozzle.
In steelmaking applications, supersonic gas jets are preferred over subsonic jets so as to increase gas penetration into the molten bath. [3] [4] [5] A supersonic jet has a greater force (jet momentum per unit time) associated with it vs. a subsonic jet, owing to its higher velocity and higher gas density. During oxygen blowing, if the lance is held some distance above the surface of the bath, the oxygen jet will entrain some of the furnace atmosphere thus lowering the oxygen concentration. It may be desirable in some processes to withdraw the lance as far as possible from the melt to be processed, so as to avoid mechanical and chemical erosion problems. As such, some knowledge of what effect this may have on oxygen concentration at the surface is essential. 6) In order to solve this problem and to promote the characteristics of a supersonic jet, co-jet lance technology has recently been introduced to the steelmaking industry. 7, 8) In this paper, a supersonic jet lance technology named shrouded-jet has been used. This technology is based on generating a jet envelope (shroud) around the main supersonic jet flowing from the nozzle output opening. The key differences between a conventional supersonic jet and a shrouded-jet are the following: 1) The supersonic jet core region in the shrouded-jet is maintained over a longer distance. 2) Entrainment of ambient gas into a shrouded-jet is substantially lower.
3) The rate of jet spreading and jet decay is lower for a shrouded-jet. 4) The jet force (or impact pressure) is higher for a shrouded-jet.
Theory

Dimensional Analysis
Dimensional analysis gives certain information about the relations which hold between measurable quantities associated with various phenomena. For the physical interaction between an impinging gas jet and the free surface of a tank of liquid the depth of penetration, P, made by an impinging vertical jet can be expressed by the functional relation between the dependent and independent variables, as follows: H, g, r 1 , m 1 , s) ...................... (1) where P is the depth of penetration and Ṁ ϭṁVϭ (p/4)r g V j 2 D j 2 is the jet momentum per unit time. H is the height of lance (nozzle-bath distance), g is gravity, r 1 , m 1 and s are density, viscosity and surface tension of the bulk liquid, respectively.
Taking M, L, T as basic dimensions, mϭ3; while from Eq. (1), the number of variables is nϭ7. Consequently the number of independent dimensionless groups (p groups) is four: n(p)ϭnϪmϭ4. Choosing Ṁ , H as g repeating variables, the first p assembly is: where We* is a modified Weber number.
Functional Relationship
The final dimensionless, functional relationship we propose becomes: where the modified Froude, Reynolds and Weber numbers are defined in the above equations. Equation (9) , indicates that the depth of penetration of a gas jet into a liquid bath depends on the height, H, of the lance tip from the quiescent bath, the liquid's Froude, Reynolds and Weber numbers, reflecting the ratios of gravity, viscous and surface tension forces to the jets inertial, or momentum, forces.
Experimental Equipment and Procedures
An acrylic cylindrical tank 1 150 mm in diameter and 1 450 mm high, as shown in Fig. 1 , was used. The cylindrical tank was surrounded by a rectangular vessel equipped with transparent windows. The inner tank was filled with tap water up to a level of 900 mm. The outer vessel was also filled with tap water (same level) to avoid optical distortion and to protect the inner tank during air-jet impact.
The nozzle connected to the piping system was installed at the specified distance above and at the centre of the bath. A 7.457 kW (10 HP) air compressor was used to produce compressed air 1 310 kPa (190 psig) and store it in pressurized tank system with a total volume of 1.135 m 3 (300 gallons). By means of a pressure regulator, the air pressure was reduced and set to the design pressure (896.32 kPa). An in-line flow meter and a pressure gage were used to monitor and control the compressed air before it entered the nozzle, so as to meet design conditions. In principle, a convergingdiverging (CD) nozzle can only be correctly designed for one particular driving pressure, at which the velocity at the throat is sonic and the pressure at the exit is equal to that of the ambient medium. In the case of an incorrectly designed condition, in which the pressure at the exit is either greater or less than that of the surroundings, a pressure equalizing mechanism is set up, whereby much of the kinetic energy of the jet is dissipated. This pressure equalizing mechanism gives rise to disturbances within the jet, and are generally referred to as shock waves.
In order to measure the speed at which the standard and coherent jets were able to mix the simulated bath of liquid steel, an on-line digital electrical conductivity measurement device was connected to a computer and used to obtain mixing times. Two conductivity probes (cells) were installed inside the tank as shown in Fig. 2 . A small amount of red ink (50 cc) well inter-mixed with 20 g sodium chloride, was injected into the tank from the nozzle's exit location. The conductivity reading is represented by the cell voltage changes versus time. The supersonic air jet penetrates the water bath and produces a zone of intensive mixing which then spreads the salty red ink within the tank. The resulting changes in the conductivity of water allowed simultaneous estimations of mixing times from conductivity measurements and from visual observations. A shrouded supersonic air jet with a Mach number around 2.15 and a flow rate of around 4.25 Nm 3 /min (150 scfm) was generated. In order to study the effects of the impinging jet on the water surface, two different nozzle-bath distances (76 and 250 mm) were selected. Experimental results for the two different nozzle-stagnant bath distances are presented in this paper. These results were obtained in a randomized manner. It is noted that for reproducibility of the results, for each nozzle-bath distance, three experiments have been performed. A digital camera was used to photograph the experimental results in the form of movie clips.
Experimental Results and Discussion
Depths of Jet Penetration
The experiments were performed using three different designs of a shrouded supersonic jet nozzle. This nozzle technology is based on the combination of two co-axial inner and outer nozzles. The inner nozzle was a supersonic Converging-Diverging nozzle with a throat diameter of 6.86 mm. The outer nozzle was equipped with an orifice plate located at its entrance. The schematic view of the shrouded-jet nozzle is shown in Fig. 3 . Three different sizes of orifice plates (with 6ϫ0.5, 6ϫ1.0 and 6ϫ1.5 mm diameter holes) were used. The experimental results of average penetration depth for the nozzle with three orifice plates for two nozzle-bath distances are shown in Table 1 . Comparison of these results show that the depth of penetration for a nozzle with 6ϫ1.5 mm holes set in the orifice plate was higher compared with the penetration depth for the same nozzle with other orifice plates. The depth of penetration for the nozzle with 6ϫ1.5 mm holes was about 10 % more than the depth of penetration for the nozzle with 6ϫ0.5 mm orifice plate (see Fig. 4 ). This is due to the fact that in a shrouded-jet nozzle with larger orifices, the jet is stronger than the jet in a shrouded-jet nozzle with smaller orifices. The larger size orifices generated higher gas flow rates in the outer nozzle and consequently caused more shrouded-jet effects. The overall lance gas flow rates, as measured by the in-line gas flow meter, were about 3.96, 4.25 and 4.81 Nm 3 /min, for the 6ϫ0.5, 6ϫ1.0 and 6ϫ1.5 orifice plates, respectively.
Pitot-tube Comparison Test
A longer supersonic jet core is one of the key advantages of using a shrouded supersonic jet nozzle. By using a pitot tube (United Sensor, Model USC-A-291-1) a comparison test was performed for the three different orifice plates. The sensing stem of the Pitot tube was installed in the axial direction of the jet with zero angle of attack. The distance between the nozzle outlet opening and the pitot tube tip was 152 mm. The stagnation pressures for the three orifices were measured as 82.74, 137.89 and 220.63 kPa (12, 20 and 32 psig) for the 6ϫ0.5, 6ϫ1.0 and 6ϫ1.5 orifice plates, respectively. Comparison of the results confirmed that the orifice plate with the larger orifices produced a supersonic jet core that was longer.
Mixing Times
Mixing time results for two different nozzle-bath distances are shown in Table 2 . The mixing time data were obtained based on the lower probe reading in the mixing time diagrams. A typical mixing time diagram is shown in Fig.  5 . The sharp vertical lines in the diagrams are electrical noise, which should be ignored. These results show that the mixing time for the nozzle with larger diameter holes in the orifice plate for generating the annular shrouding flow, is shorter compared with the mixing time for smaller diameter nozzles within the orifice plate. In other words, the intensity of bath mixing increases with an increase in orifice sizes, and associated shroud gas flow rate. The mixing time for the nozzle with 6ϫ1.5 mm holes set in the orifice plate is about 31 % more than the mixing time for the nozzle with the 6ϫ0.5 mm orifice plate (see Fig. 6 ). This result is for the nozzle-bath distance of 76 mm. For the nozzle-bath distance of 250 mm, the increase in mixing time was about 64 %. As mentioned earlier, in a shrouded-jet nozzle with a larger orifice size, the jet is stronger than the jet in a shrouded nozzle with a smaller orifice size. The measured lance gas flow rates were about 3.96, 4.25 and 4.81 Nm 3 /min for 6ϫ0.5, 6ϫ1.0 and 6ϫ1.5 orifice plates, respectively. A larger gas flow rate and a deeper penetration of gas jet into the bath can produce a larger mixing zone to which the lower placed conductivity probe responds more rapidly. Figure 6 provides a comparison of average mixing times for different levels of shroud gas flow rates. As seen, the effects of these shroud gas flows are more apparent for greater nozzle-bath distances, indicating the advantages of maintaining the coherency of the supersonic jet core. At 76 mm set-back of the nozzle, mixing times are reduced from 6.61 to 5.04 s with increases shroud gas flow rate (a 24 % decrease) versus a 39 % relative decrease for a nozzle set-back of 250 mm from the bath surface.
It is noted that standard deviations for mixing time experiments were relatively large especially for the larger nozzle-bath distances. This might be due to the fact that the water tank was small compared to the flow rate of the impinging air jet in the present experimental set up. In other words, impact forces (gas momentum per unit time) were very large compared to the volume of water. At larger nozzle-bath distances, the impact area of the air jet on the water surface is larger. This produced more surface disturbances. In a larger tank, the movement within the body of the liquid would be moderated, and the surface waves could decay before reaching the walls of the tank where they are reflected. For such circumstances, surface oscillations would be less violent.
Time Evolution of an Impinging Air Jet
In Fig. 7 , the time evolution of a typical impinging air jet inside the water bath is shown. Initially, the salty red ink is injected into the tank by a syringe from the nozzle's exit location (tϭ0 s). A supersonic air jet is created through the shrouded-jet nozzle by opening the high-pressure air valve (tϭ3 s). The impinging air jet penetrates the water surface and the entraining gas creates a cavity in the liquid that is unsteady and of irregular shape. It is difficult to determine the geometry of a large depression cavity due to the complexity of the interaction of the surface shape and jet flow.
9)
The instantaneous cavity profile and the maximum depth of the depression are given in the figure (tϭ4 s). Violent surface waves were generated, while the cavity's bottom tended to oscillate vertically and its sides laterally (tϭ6 s). The amplitude of the surface oscillations increased and eventually caused violent the splashing of liquid (tϭ20 s).
Comparison of Mathematical Model with Experimental Data
If one neglects viscosity and surface tension effects, Eq. 11) where K is an empirically determined constant.
In the present study, Eq. (11) was used as an analytical model to calculate K, using data from the three sets of experiments. From Eq. (11) Inserting the above numerical values in Eq. (12), for two nozzle-bath distances, K values were calculated. The results for a shrouded-jet nozzle with three different orifice plates are shown in Table 3 . In order to obtain "K" for a standard nozzle, a blank (no holes) orifice plate was used to create a standard nozzle. Comparison of empirical constants (K) for two nozzle-bath distances show that the analytical model is well matched with the experiment (see Table 3 ). The average values of K can be used in Eq. (12) as the empirically determined constant to predict depth of penetration, P, for each nozzle orifice plate.
Gas Jet Penetration in Liquid Metals
Effect of Density of Liquid Metal
Decreasing the density of liquid metal is predicted to produce deeper jet penetration in the bath, as shown quantitatively in Fig. 8 . The results are based on using Eq. represent the density of liquid aluminium up to the density of liquid lead. The oxygen flow rate is assumed to be 4.25 Nm 3 /min, corresponding to the gas flow rate of the nozzle used in the water modelling. The nozzle bath distances are considered to be 76 and 250 mm.
Effect of Lance Gas Flow Rate
The depth of penetration of oxygen gas inside the liquid metal bath increases with an increasing gas flow rate (see Fig. 9 ). In order to increase the gas flow rate, the dimensions of a supersonic CD nozzle as well as upstream gas pressure should be re-designed. The mathematical relations for calculating the nozzle dimensions and other relevant parameters are presented in Ref.
2). In steelmaking, CD nozzles are designed to operate in a Mach number range of 2-2.4 at the nozzle exit. Table 4 shows penetration depth versus the lance gas flow rate for two different lance heights. For each gas flow rate, the corresponding Mach number is also shown. The ratio of exit gas pressure to upstream gas pressure, as well as the ratio of exit area to throat area, for each Mach number, are given in the table. Data in Table 4 show that a higher gas flow rate is obtained by having a higher upstream gas pressure, a higher Mach number and a larger nozzle area ratio (A e /A t ). In the calculations listed in Table 4 , the throat diameter of the CD nozzles are taken to be 6.86 mm, similar to the throat diameter of the nozzle used in the experiment. The lance gas flow rate is proportional to the throat diameter of a CD nozzle. One can obtain a higher gas flow rate by using a nozzle with a larger throat diameter. For example, a CD nozzle with a throat diameter of 30 mm and upstream gas pressure of 979 kPa (142 psig) can produce about 85 Nm 3 /min gas flow rate at Mach number of 2.2.
Penetration Depths for High Gas Flow Rates
In order to increase the lance gas flow rate, the nozzle throat diameter must be increased. The penetration depths vs. lance gas flow rates for three different nozzle-bath distances of 250, 500 and 750 mm have been calculated and these are shown in Fig. 10 . The upstream gas pressure and Mach number at the nozzle exit are considered to be 979 kPa and 2.2, respectively. As expected, greater lance flow rates will propel the jet deeper into the steel bath for various lance heights. The figure demonstrates a third order polynomial relationship between the jet penetration depth and the gas flow rate. In the case of using a high gas flow rate of about 238 Nm 3 /min, the penetration depth into liquid steel can reach more than one meter for nozzle-bath distances of 750 mm. It is noted that the ratio of exit gas pressure to upstream gas pressure and the ratio of exit area to throat area are 0.09352 and 2.005, respectively. The Mach number at the nozzle exit is 2.2.
In this paper, the gas pressure at the nozzle exit was designed to be ambient (atmospheric) pressure. Therefore, the gas flow was completely supersonic throughout the diverging portion of the nozzle, with no appearance of any shock waves.
Conclusions
An attempt has been made to study the performance of shrouded supersonic jets in water models of a simplified BOF system. A novel dimensional analysis has been performed and relevant dimensionless numbers introduced. The experimental set up was presented and the experimental procedures were described. The analytical model and the experimental results for penetration depth were compared. Good agreement between the mathematical model and experiment was obtained in terms of predicted and observed depths of penetration. The experimental results for three different designs of a shrouded supersonic jet nozzle showed that the nozzle with 6ϫ1.5 mm orifice plate had a better performance in terms of greater penetration depths and reduced mixing times as compared to the nozzle equipped with other orifice plates. Further efforts have been made to study jet penetration into liquid metal. The effects of liquid metal density, as well as the gas flow rate, on the penetration depth were investigated theoretically. The results show that the penetration depth is increased with increasing gas flow rate and decreasing bath density. Now that the macro-modelling criteria have been established, and confirmed, further work is needed to assess the role of the higher surface tensions (Weber) of liquid metals versus their aqueous counterparts, and to determine whether changes in flow regime can thereby be achieved using fully coherent jets impinging into slag/liquid metals systems. 
